Coronaviruses possess a cap structure at the 5= ends of viral genomic RNA and subgenomic RNAs, which is generated through consecutive methylations by virally encoded guanine-N7-methyltransferase (N7-MTase) and 2=-O-methyltransferase (2=-O-MTase). The coronaviral N7-MTase is unique for its physical linkage with an exoribonuclease (ExoN) harbored in nonstructural protein 14 (nsp14) of coronaviruses. In this study, the structure-function relationships of the N7-MTase were analyzed by deletion and site-directed mutagenesis of severe acute respiratory syndrome coronavirus (SARS-CoV) nsp14. The results showed that the ExoN domain is closely involved in the activity of the N7-MTase, suggesting that coronavirus N7-MTase is different from all other viral N7-MTases, which are separable from other structural domains located in the same polypeptide. Two of the 12 critical residues identified to be essential for the N7-MTase were located at the N terminus of the core ExoN domain, reinforcing a role of the ExoN domain in the N7-MTase activity of nsp14. The other 10 critical residues were distributed throughout the N7-MTase domain but localized mainly in the S-adenosyl-L-methionine (SAM)-binding pocket and key structural elements of the MTase fold of nsp14. The sequence motif DxGxPxA (amino acids [aa] 331 to 338) was identified as the key part of the SAMbinding site. These results provide insights into the structure and functional mechanisms of coronaviral nsp14 N7-MTase.
E ukaryotic cellular mRNAs and many viral mRNAs contain a modified 5=-terminal "cap" structure that is essential for efficient splicing, nuclear export, translation, and stability of the mRNAs (1, 2) . The cap structures are usually formed by three sequential enzymatic reactions: (i) the 5=-triphosphate end of the nascent mRNA is hydrolyzed to a diphosphate by RNA triphosphatase (TPase); (ii) a GMP residue derived from GTP is transferred to the diphosphate mRNA by RNA guanylyltransferase (GTase) via a two-step reaction; and (iii) the guanosine cap is methylated by guanine-N7-methyltransferase (N7-MTase) at the N7 position to generate a cap-0 structure (m 7 GpppN) in the presence of the methyl group donor S-adenosyl-L-methionine (SAM). Higher eukaryotes and some viruses further form cap-1 structures by methylating the cap-0 structure at the ribose 2=-O position by 2=-O-methyltransferase (2=-O-MTase) (1, 2) . Although the final cap structures of cellular and viral mRNAs are similar, several major virus groups harbor capping enzymes with alternative molecular organization and biochemical mechanisms (3) . For example, alphaviruses employ a noncanonical pathway for mRNA capping, in which the GTP molecule is N7 methylated before being transferred to the 5=-diphosphate end of the viral RNA (4), and rhabdoviruses use a unique RNA:GDP polyribonucleotidyltransferase, instead of the conventional capping enzyme GMP:RNA GTase, to transfer a monophosphorylated RNA onto GDP (5, 6) .
Coronaviruses possess the largest and most complex genome (27 to 31 kb of single-stranded, positive-sense RNA) among RNA viruses (7) . Many of them are identified as important pathogens of humans and animals, such as severe acute respiratory syndrome coronavirus (SARS-CoV) (8) . Although it has been known that the genomic and subgenomic RNAs of coronaviruses carry a 5= cap structure (9) (10) (11) , the enzymes involved in coronavirus RNA capping were unknown for more than 2 decades. SARS-CoV nonstructural protein 13 (nsp13) has been shown to possess the TPase activity (12) , but direct evidence for its involvement in RNA cap-ping is lacking. Coronavirus nsp16 was predicted to be ribose 2=-O-MTase (13, 14) , which was confirmed for nsp16 of feline coronavirus (FCoV) (15) . However, recently we and others revealed structurally and biochemically that SARS-CoV nsp16 in complex with nsp10 acts as ribose 2=-O-MTase, with the latter as a stimulatory factor of nsp16 (16) (17) (18) . Since bioinformatic analysis could not predict N7-MTase and GTase encoded by coronaviruses (13) , we adopted a yeast genetic approach to functionally screen for SARS-CoV N7-MTase and GTase and revealed that SARS-CoV nsp14 possesses the N7-MTase activity (19) . Interestingly, nsp14 was shown previously to be an exoribonuclease (20, 21) . The coronavirus GTase is still unknown.
The N7-MTase and 2=-O-MTase identified in coronaviruses (16, 17, 19) belong to a large class of SAM-dependent methyltransferases (22, 23) . One feature that distinguishes viral N7-MTases from cellular N7-MTases is the presence of RNA polymerase or other capping activities along with the MTase domain on the same polypeptide (18) . For example, the N7-MTase of flaviviruses is combined with 2=-O-MTase and RNA polymerase, and that of alphaviruses is combined with GTase. Unexpectedly, we found that coronavirus N7-MTase is linked with a unique 3=to-5= exoribonuclease (ExoN) domain in nsp14 (19) . The diversity of the capping apparatus makes viral RNA capping an attractive target for drug design and development.
Although we have previously shown that the core domains of MTase and ExoN are localized at the C-and N-terminal halves of SARS-CoV nsp14, respectively (19) , the structure-function relationships of this protein are not known. In this study, we performed systematic mutagenesis of nsp14 by truncation, deletion, and alanine scanning and showed that the ExoN domain of nsp14 is also important for the N7-MTase activity, indicating that the functional domain of coronavirus N7-MTase is different from that of other viral MTases which can execute their MTase activity independently from other functional domains on the same protein. We further identified the critical amino acid residues essential for N7-MTase activity and defined the SAM-binding motif of N7-MTase in SARS-CoV nsp14.
MATERIALS AND METHODS
Construction of mutants for yeast screening. The mutants of nsp14 of SARS-CoV were generated by overlap PCR with mutagenic primers from SARS-CoV strain WHU (24) . The PCR fragments were cloned into yeast vector pMceK294A (2m, TRP1) as described previously (19) . The cloned mutants are fused in frame with an N-terminal leader peptide (MGSHHHHHHSGHMRI) and the C-terminal mouse capping enzyme Mce1 with an inactivating K294A mutation, and the expression is under the control of the yeast TPI1 promoter. All the clones and mutations were confirmed by DNA sequencing.
Yeast strains and assays of N7-MTase activity in vivo. Yeast strain YBS40 carries a deletion at the chromosomal Abd1 locus encoding the yeast cap MTase (25) , and its growth depends on the maintenance of plasmid p360-ABD1 (URA3). For analysis of N7-MTase activity of the SARS-CoV nsp14 mutants, yeast cells were transformed with expression plasmids carrying mutants of nsp14. Trp ϩ transformants were selected at 30°C on agar medium lacking tryptophan, and the cells were then streaked on agar medium containing 0.75 mg/ml of 5-fluoroorotic acid (5-FOA) to counterselect URA3 plasmids at 30°C. The plates were incubated for up to 5 days, and formation of FOA-resistant colonies indicated that the transformed mutants could replace or complement the endogenous cap N7methyltransferase function residing in the URA3 plasmid (19) .
Cloning, expression, and purification of recombinant proteins. The mutants of nsp14 were generated as described for yeast screening plasmids and were inserted into plasmid pET30(a) (Novagen). All constructs were verified by DNA sequencing, and their expression gave rise to recombinant proteins with an N-terminal 6ϫHis tag. Protein was induced with 0.4 mM isopropyl ␤-D-thiogalactopyranoside (IPTG) at 16°C for 12 to 16 h and was purified with nickel-nitrilotriacetic acid (Ni-NTA) resin (Gen-Script) as described previously (17, 19, 21) .
Biochemical assays for MTase activity. The capped but nonmethylated RNA substrate G*pppA-RNA (where the asterisk indicates that the following phosphate was 32 P labeled) represented the 5=-terminal AGAUU-nucleotides of the SARS-CoV genome except that the second nucleotide was changed from U to G for enhanced efficiency of in vitro transcription. Purified mutant or truncated proteins (0.5 g) and 2 ϫ10 3 cpm of 32 P-labeled G*pppA-RNA substrates were added to an 8.5-l reaction mixture (40 mM Tris-HCl [pH 8.0], 2 mM MgCl 2 , 2 mM dithiothreitol [DTT], 10 units RNase inhibitor, 0.2 mM SAM) and incubated at 37°C for 1.5 h. After the treatment of substrate RNAs with different recombinant proteins, the RNA cap structures (G*pppA-or m7G*pppA-) were digested with 5 g of nuclease P1 (which cleaves capped RNAs into 3=-OH-terminated cap structures and 5=-pN OH ) (Sigma) at 50°C for 30 min, and the resulting N7-methylated cap structures (G*pppA or m 7 G*pppA) were spotted onto polyethyleneimine cellulose-F plates (Merck) for thin-layer chromatography (TLC) and developed in 0.4 M ammonium sulfate. The methylated cap structure (m7G*pppA) could be readily separated from nonmethylated cap structure (G*pppA), and the amount of 32 P-labeled cap was determined by scanning the chromatogram with a PhosphorImager (17, 19, 26) .
MTase activity assays were carried out in 30-l reaction mixtures (40 mM Tris-HCl [pH 8.0], 2 mM MgCl 2 , 2 mM DTT, 40 units RNase inhibitor, 0.01 mM SAM) with 1 Ci of S-adenosyl-[methyl-3 H]methionine (67.3 Ci/mmol, 0.5 Ci/l), 1 g of mutant or truncated proteins, and 3 g of GpppA-RNA substrates at 37°C for 1.5 h. The 3 H-labeled product was isolated in small DEAE-Sephadex columns and quantitated by liquid scintillation (27) . All the RNAs used here were produced as described previously (17, 19) .
SAM binding assay. Reaction mixtures (25 l) (40 mM Tris-HCl [pH 7.5], 2 mM MgCl 2 , 2 mM DTT) containing 1 g of mutant or truncated proteins and 1 Ci of S-adenosyl-[methyl-3 H]methionine (67.3 Ci/ mmol, 0.5 Ci/l) were pipetted into wells of a microtiter plate. The reaction mixtures were incubated on ice and irradiated with 254-nm UV light in a Hoefer UVC500 cross-linking oven for 30 min. The samples were then analyzed by 12% SDS-PAGE. The gels were soaked in Enlightning solution (Perkin-Elmer) and used for fluorography (27) .
Exoribonuclease assays. Three micrograms of purified recombinant proteins and 300 cpm of 32 P-labeled single-strand RNA of 58 nucleotides (nt), which was transcribed from pGEM-T vector, were added to a 10-l reaction mixture (50 mM Tris-HCl [pH 8.0], 5 mM MgCl 2 , 50 mM KCl, 50 mM NaCl, 2 mM DTT, 0.1 mg/ml bovine serum albumin [BSA], 10 U RNase inhibitor). The mixture was incubated at 37°C for 1.5 h and analyzed in a 10% urea-polyacrylamide gel (19, 21) .
3D structure modeling. The three-dimensional (3D) structure of the core MTase domain of SARS-CoV nsp14 (aa 291 to 527) was generated on the basis of the structures of Alfalfa caffeoyl 3-O-methyltransferase (Protein Data Bank [PDB] 1SUI) and Encephalitozoon cuniculi mRNA cap guanine-N7-methyltransferase (PDB 1RI4). The predicted structure was homology modeled with Swiss-PdbViewer v3.7. The bonds between nsp14 and SAM were calculated with Discovery studio2.1, and the final images were presented with PyMOL.
RESULTS
The global structure of nsp14 is essential for both N7-MTase and ExoN activity. In our previous study, we showed that SARS-CoV nsp14 functions as the N7-MTase and that the core domain of the N7-MTase is located in the C-terminal half coupled with the ExoN domain at the N terminus of SARS-CoV nsp14 (19) . In this study, we created a large set of SARS-CoV nsp14 mutants by serial truncations from both the N and C termini of nsp14 and various deletions inside the N-terminal ExoN domain (Table 1 ). We then analyzed the effects of the mutations on the N7-MTase activities of nsp14 in the yeast genetic system at different temperatures and with biochemical assays established previously (19) . As shown in Table 1 , at all tested temperatures, truncations of 78 amino acids (aa) from the N terminus (nsp14⌬N78) and 6 aa from C terminus (nsp14⌬C6) of nsp14 already attenuated the MTase activity dramatically, and truncations of 90 aa from the N terminus (nsp14⌬N90) and 17 aa from C terminus (nsp14⌬C17) completely abolished the MTase activity of nsp14. These results were consistent with our previous report (19) and suggest that the Nterminal ExoN domain is also important for the N7-MTase activity of nsp14.
Interestingly, the truncation of the N-terminal 61 aa, which are outside the core domain of ExoN, did not impair the N7-MTase function in cells but instead increased the enzymatic activity in biochemical assays compared with that of wild-type nsp14 ( Fig.  1A ). As shown in Fig. 1A , 72% of the 32 P-labeled RNA substrate (G*pppA-RNA) was converted to m7G*pppA-RNA (cap-0 structure) by wild-type nsp14 after a 90-min incubation (Fig. 1A , lane 5), while 85% of the RNA substrate was methylated by nsp14⌬N61 within 5 min (Fig. 1A, lane 8) , and incubation for 30 min yielded entirely methylated RNA substrate (Fig. 1A, lane 10 ).
This indicates that the N7-MTase activity of nsp14⌬N61 is remarkably higher than that of the wild-type nsp14.
We further generated a set of internal deletion mutants of nsp14 by removing 1-to 5-aa stretches inside the N-terminal ExoN domain. These deletion mutants were analyzed in the yeast genetic system at 20°C, 25°C, 30°C, and 37°C. As shown in Table 1 , deletions all over the ExoN domain, including ⌬A79, ⌬166-169, ⌬191-193, ⌬198-200, ⌬238-243, ⌬242-244, and ⌬297-299, completely disabled the N7-MTase activity of nsp14. Deletions of individual amino acids at the conserved D90-E92-D243-h268-D273 active-site motif of ExoN did not abolish the MTase activity of nsp14; however, 8-to 28-aa deletions at the same sites disabled the N7-MTase (data not shown), probably by destroying the structure of the ExoN domain. These results suggest that the global structure rather than the specific amino acids at the ExoN active site is important for the MTase activity. Interestingly, many of the yeast strains harboring the small deletion mutants were viable at 30°C but inviable at 37°C, suggesting that small deletions easily yielded temperature-sensitive proteins. These internal deletion analyses further strengthened the proposal that the N-terminal ExoN domain is essential to the enzymatic activity of the C-terminal MTase of nsp14.
We further analyzed the domain structure of nsp14 required for the ExoN activity. For this, terminal truncations (⌬N61 and ⌬C17) and active-site mutations of both ExoN (D90A/E92A, D243A, and H268L) and MTase (D331A) were tested ( Fig. 1B and C). In the biochemical ExoN assays, the 32 P-labeled single-stranded RNA was used as the substrate and the magnesium-dependent ExoN activity was measured. As shown in Fig. 1B , nsp14⌬N61 (lane 7) and D331A (lane 6) mutations did not influence the ExoN activity, whereas mutations at the D-E-D-h motif (Fig. 1B , lanes 3 to 5) either disrupted or attenuated the ExoN activity. Surprisingly, the C-terminal truncation mutation nsp14⌬C17 abolished the ExoN activity (Fig. 1B, lane 8) . The ratios of digestion products to input RNA within each lane were quantitated by analyzing the band intensity shown in Fig. 1B (Fig.  1C) . These results show that the C-terminal MTase domain also 
In the yeast genetic system, the capability of nsp14 mutants for complementing yeast growth corresponds to the activity of nsp14 N7-MTase. ϩϩϩ, ϩϩ, ϩ, and Ϫ indicate yeast cell growth in colony size and number as that of wild-type nsp14, slow growth with reduced colony size and number, slow growth with very few colonies, and no growth, respectively. ND, not determined.
contributes to the ExoN activity of nsp14. Taking the findings together, the global structure of aa 62 to 527 of nsp14 is essential for both N7-MTase and ExoN activities. Alanine scanning of SARS-CoV nsp14 reveals critical residues affecting cap N7-MTase activity. To define the exact active sites of N7-MTase of SARS-CoV nsp14, 60 mutations mainly with alanine substitutions for 57 amino acid residues from aa 61 to aa 523 of SARS-CoV nsp14 were generated ( Table 2 ). We chose the residues for mutation based on the following rules: (i) the most conserved residues revealed in the primary sequence alignment of coronaviral nsp14, which might be active sites or RNA-binding sites of nsp14 (20, 28, 29) ; (ii) residues in the putative SAM-binding site motif predicted by structure-based sequence alignment of mRNA cap N7-MTases from (19) ; (iii) residues corresponding to those which were identified in temperature-sensitive (ts) or virulence-attenuating isolates of the coronavirus mouse hepatitis virus (MHV) (30, 31) ; and (iv) corresponding conserved residues based on the mutagenic studies of vaccinia virus N7-MTase (32-34) and flavivirus cap MTase (35, 36) .
The effects of the amino acid substitutions on N7-MTase activity were tested in a powerful yeast genetic system as described previously (19) . In this system, the growth status of yeast cells on the selection medium is correlated with the N7-MTase activities of nsp14 and its mutants (19, 37) . The results are summarized in Table 2 . Twelve lethal mutations were found, among which 10 (R310, D331, G333, D352, Y368, N388, G416, L419, Y420, and T428) are in the C-terminal MTase domain of nsp14 while two (R84 and W86) are located in the N-terminal ExoN domain of nsp14 ( Table 2) . All other mutations, including the active-site mutations of ExoN, did not inactivate the N7-MTase activity of nsp14 in yeast cells.
In addition, there were seven mutations that attenuated the N7-MTase activity of nsp14 by forming small and/or fewer colonies or obviously reducing the speed of yeast cell growth. Two of the seven residues (F73 and V83) are located in the N-terminal half of nsp14, close to the two critical residues R84 and W86 described above. Three sites (I332, P335, and K336) are likely at the putative SAM-binding site motif, and two (C382 and C414) were previously identified from the MHV ts strains (30) .
In summary, critical residues for N7-MTase activity were identified mainly in two regions in nsp14. The first region, ranging from aa 310 to 428, overlaps the core domain of N7-MTase. Mutations at 15 residues in this area led to complete loss or remarkable attenuation of the N7-MTase activity of nsp14. The critical residues are clustered mainly at aa 331 to 336 and aa 414 to 428. The second region, ranging from aa 73 to 86, is located at the N terminus of the ExoN domain. The identification of critical residues of N7-MTase from the ExoN domain reinforces a role of the ExoN domain in the N7-MTase enzymatic function as revealed by the truncation and deletion analysis in this study.
Biochemical identification of residues essential to cap N7methylation activity. To confirm the essential roles of the critical residues identified in the genetic system, we further tested all the key mutants of nsp14 in biochemical MTase assays. For this, recombinant proteins with an N-terminal 6ϫHis tag for 27 SARS-CoV nsp14 mutants were expressed in Escherichia coli cells and purified by nickel-nitrilotriacetic acid affinity chromatography. The results are shown in Fig. 2 and are also summarized in Table 2 for direct comparison with those of genetic assays. In general, remarkable consistency of genetic and biochemical assays for N7-MTase activity was demonstrated. As shown in the thin-layer chromatographic (TLC) analysis in Fig. 2 , treatment of G*pppA-RNAs (where the asterisk indicates that the following phosphate is 32 P labeled) with nsp14 mutants K61A, F73A, N256A, and D273A (Table 2) in the presence of SAM resulted in nuclease P1 cleavage products ( Fig. 2A, lanes 3, 19, 5 , and 6) that comigrated with m 7 G*pppA ( Fig. 2A, lanes 1 and 17) , indicating that these four mutations did not significantly affect the N7-MTase activity of nsp14. The conversion ratios were quantified based on the dot intensity ( Table 2 ; Fig. 2A and B) . In contrast, treatment of G*pppA-RNAs with nsp14 mutants R84A, W86A, R310A, D331A, D331Y, G333A, Y368A, C414R, L419A, and Y420A ( Fig.  2A, lanes 4 and 21; Fig. 2B, lanes 3, 4, 6 , and 12; Fig. 2A , lanes 8 and 11 to 13) did not generate a similar product corresponding to the position of m 7 G*pppA, revealing the nine functionally critical residues for N7-MTase. This observation conforms to the lethal phenotype of the same mutations in the yeast genetic system. The N7-MTase activities of 10 nsp14 mutants (D331E, I332A, N334A, P335A, K336A, D352A, C382Y, N388A, G416R, and T482A) were attenuated, causing incomplete conversion from G*pppA-RNA to m 7 G*pppA-RNA (Fig. 2B, lanes 5, 10, 13 , 15, and 16; Fig. 2A , lanes 7, 9, 10, 22, and 14). All the results described above are strictly consistent with the results of genetic assays. However, a discrepancy for two nsp14 mutants was observed in biochemical and genetic assays. The nsp14 mutants D352A and N388A were lethal in the yeast genetic system ( Table 2 ) but still retained 47% and 83% of N7-MTase activity in biochemical assays, respectively ( Fig.  2A, lanes 7 and 10) . This discrepancy could be explained by the high concentrations of SAM and GpppA-RNA included in the cap methylation reaction mixtures in the in vitro assays, which were in excess of the K m values for the N7-MTase (33, 38) , or by changes of protein stability or localization in yeast cells. Furthermore, we also tested the nsp14 mutants in another biochemical system, where 3 H-labeled methyl donor [ 3 H]SAM was used and thereby the radiolabeled methyl group was transferred to the unlabeled GpppA-RNA. The reaction products were purified and quantified by liquid scintillation. The MTase activities of the mutants were normalized to that of wild-type nsp14 (Fig. 2C ). In this set of experiments, we also included the ExoN active-site D-E-D-h motif mutants (D90A/E92A, D243A, and H268L), which did not affect the activity of N7-MTase of nsp14 (19) . As shown in Fig.  2C , the results are in accord with those obtained in TLC analysis. Taken together, the two sets of biochemical assays of the nsp14 mutants consolidated the findings in the genetic assays.
Mapping of the SAM-binding site motif of N7-methyltransferase in coronavirus nsp14. The SAM-binding motif (D/E/Yx-GxGxG, where x means any amino acid) is the best-conserved motif of MTases, including cap MTases. However, the SAM-binding and catalytic residues still vary considerably in different MTases or in different species (22, 23) . In our previous study (19) , we proposed the DxG motif (aa 331 to 333) in the core MTase domain of nsp14 as the putative SAM-binding motif of nsp14 N7-MTase, but experimental evidence is still lacking.
To investigate which residues are involved in the SAM binding, 3 H-labeled SAM was incubated with the nsp14 mutants, and after UV cross-linking, the enzyme-[ 3 H]SAM complex was analyzed by SDS-PAGE and autoradiography. As shown in Fig. 3 , many of the mutations attenuated the SAM-binding affinity of N7-MTase, and six mutations at five positions (W86A, R310A, D331A, D331Y, G333A, and Y368A) entirely abolished the SAM-binding activity of nsp14 (Fig. 3A, lane 5; Fig. 3B, lanes 18, 4, 3, and 10; Fig. 3A , lane 12) as well as the cap N7-MTase activity ( Table 2 ; Fig. 2 ). While glutamate could replace the conserved aspartate (D331E) and enhanced the SAM-binding activity of nsp14 (Fig. 3B, lane 2) , it attenuated the enzymatic activity of the N7-MTase and reduced the viability of yeast cells ( Table 2 ; Fig. 2B, lane 5; Fig. 2C ). In contrast, in the same biochemical assay system, we observed that four nsp14 mutants (R84A, C414R, L419A, and Y420A) which abolished the N7-MTase activity in the in vitro assays (Fig. 2) still retained partial SAM-binding ability (Fig. 3A, lanes 4, 15, 17, and  18 ), indicating that these mutations also affected other properties of the N7-MTase besides SAM binding. In particular, mutant T428A showed the same SAM-binding capacity as wild-type nsp14 (Fig. 3A, lane 19) but was lethal in yeast cells at 30°C and 37°C ( Table 2 ), suggesting that this site is not directly involved in SAM binding but is essential for other functions of N7-MTase of nsp14. In addition, four nsp14 mutants (F73A, D243A, H268L, and C382Y) attenuated the SAM-binding affinity (Fig. 3A, lanes 2,  7, 9 , and 13) but sustained high enzymatic activities both in cells and in the in vitro assays ( Table 2 ; Fig. 2C ), indicating that partial SAM-binding ability was sufficient for the activity of N7-MTase. Collectively, these results clearly show that the DxG motif at aa 331 to 333 of nsp14 is involved in the SAM binding of coronavirus nsp14. In addition, the residues W86, R310, and Y368 are also essential for SAM binding of nsp14.
In comparison with the conventional SAM-binding motif D/E/ YxGxGxG, the corresponding conserved motif in nsp14 of coronaviruses is DxGxPxG/A (at the last position, alanine is found in SARS-CoV, whereas glycine is conserved in all other coronaviruses). We then tested the effects of mutations at all other positions in this motif on the SAM-binding and enzymatic activities of nsp14 N7-MTase. The mutant P335A possessed weak SAM-binding capacity (Fig. 3 ) but retained relatively high enzymatic activity both in vivo and in vitro ( Table 2 ; Fig. 2 ). Mutations at the nonconserved residues (I332A, N334A, and K336A) in the DxGx-PxG/A motif (marked by "x") did not disrupt either the SAMbinding capacities of nsp14 (Fig. 3B, lanes 8, 11, and 15 ) or the enzymatic activities of N7-MTase (Table 2 ; Fig. 2 ). However, deletion of any amino acids within the motif (⌬I332, ⌬N334, ⌬P335, ⌬K336, and ⌬A337) or insertion into the DxG site (DAIG, DIAG) abolished the SAM-binding ability (Fig. 3B ) and inactivated the N7-MTase activity ( Table 3 ; Fig. 2 ). These results demonstrate that the structural patterning of the SAM-binding motif or distance between the critical residues is more important than the properties of the specific residues (except D331 and G333) for the functions of this motif.
To reveal more structural information on the SAM-binding site of coronavirus nsp14, the 3D structure of the core MTase domain (aa 291 to 527) of nsp14 was modeled by homologous modeling on the basis of the structure of a cellular mRNA cap N7-MTase in complex with SAM (PDB entry 1RI4). In secondary structure-based sequence alignment, the SARS-CoV nsp14 N7-MTase domain is more similar to Alfalfa caffeoyl 3-O-methyltransferase (PDB entry 1SUI), and therefore the latter was used as a guide to refine the modeled structure of nsp14 N7-MTase (Fig.  4 ). As shown in Fig. 4A , the ligand SAM lies at the C termini of strands ␤1 and ␤2, similar to that of most SAM-dependent MTases, and the experimentally confirmed critical residues within 5 Å from SAM are shown in Fig. 4B . The ribose hydroxyl groups of the adenosine ribose of SAM are stabilized by the side chain carboxyl group of D352 via two hydrogen bonds. The amino group of the methionine moiety of SAM is maintained by three polar contacts. An N atom forms a hydrogen bond with main chain carbonyl group of G333 and two polar contacts with the side chain carboxyl group of D331. The carbonyl O atom of the methionine moiety of SAM has two polar contacts with the N atom and carbonyl O atom at the main chain of R310, respectively. Based on the model, these residues are located at the bottom of the SAM-binding pocket (Fig. 4C ). Taken together, the structure modeling analysis corroborated the observation in genetic and biochemical assays that the residues such as D331 and G333 in the DxG motif are critical for SAM-binding and enzymatic activities of nsp14.
In addition to the most conserved DxG motif, the SAM-binding pocket consists of the flexible loop 401-410 as the right flanking wall, which is supported by a rigid ␣D helix (aa 411 to 424), the loop 381-386 as one part of the long flexible region 380-397 between strands ␤3 and ␤4 (Fig. 4A) , which supports SAM at the entrance and bottom of the pocket, and the loop 354-357 as the left flanking wall, which was strongly sustained by the strand ␤2 and ␣B helix ( Fig. 4A and C) . It is conceivable that the conformation and stability of the pocket may affect the SAM-binding affinity. Thus, the model suggests why mutations in these loops (such as C382Y in loop 381-386) or sustaining strands and helix (Y368A in ␣B and C414R, G416R, L419A, Y420H, and Y420A in ␣D) (Fig.  4D ) disrupted or attenuated the activity of nsp14 N7-MTase.
DISCUSSION
Coronaviruses represent the largest RNA viruses and employ a complicated replication and transcription complex (RTC) for genome replication and expression. The RTC consists of at least a dozen viral nonstructural proteins, including several RNA-processing enzymes such as exoribonuclease and endonuclease that are usually not found in small RNA viruses (13) . In previous studies, SARS-CoV nsp14 was shown to possess 3=-to-5= exoribonuclease activity (20, 21, 39) and N7-MTase activity (19) . The com- 332 Table 1 , footnote a.
bination of N7-MTase and ExoN activities in one protein is unique for coronaviruses. We previously proposed that the two domains for N7-MTase (aa 291 to 527) at the C terminus and ExoN (aa 62 to 290) at the N terminus of nsp14 are structurally interdigitated and functionally inseparable (19) , and in this study we dissected the complicated structure-function relationships of nsp14 N7-MTase in biochemical and genetic systems (summarized in Fig. 5 ). By the analysis of the truncation and deletion mutants of SARS-CoV nsp14, we demonstrated that a large portion of nsp14 (aa 62 to 527) is essential for full activity of both N7-MTase and ExoN. The N-terminal 61 aa of nsp14 are dispensable for the enzymes, and the removal of this part even enhanced the activity of N7-MTase. Deletions of even a few amino acid residues throughout the N-terminal ExoN domain could abolish the activity of N7-MTase (Table 1 and Fig. 5 ). This indicates that the function of the N7-MTase is also strongly dependent on the ExoN domain structure on the same polypeptide. Such properties of coronavirus N7-MTase are different from those of other viral N7-MTases that are commonly separable from other functional domains (1, 3, 36, 40, 41) . As the domain size of coronaviral N7-MTase is similar to that of other viral N7-MTases, it is unclear why the enzymatic activity of coronaviral N7-MTase needs the assistance of the ExoN domain in the same protein. Our hypothesis is that the ExoN domain may be involved in substrate binding of the N7-MTase, as discussed below. Resolution of nsp14 crystal structure is needed to finally answer this question.
We generated 60 mutations at 57 positions of nsp14 and revealed 12 critical residues essential for N7-MTase enzymatic activity. Although the residues for mutation were carefully selected, as described in Results, it would be reasonable to assume that more critical residues could be identified if more mutations were analyzed. The critical residues found in this study could be divided into four groups according to their locations: (i) residues at the N-terminal half of nsp14 (R84 and W86), (ii) residues at the SAMbinding and active site motifs (R310, D331, G333, and D352), (iii) residues at the supporting structure of the SAM-binding pocket (Y368, C382, C414, G416, L419, and Y420), and (iv) a residue at the C-terminal half of nsp14 that did not affect SAM binding (T428).
Very interestingly, two critical residues (R84 and W86) were identified at the N terminus of the core ExoN domain (aa 62 to 297) but no critical residues were found in other parts of the ExoN domain (aa 90 to 297). Some internal deletions (1 to 5 aa) of the ExoN domain disabled the activity of N7-MTase, while deletions of individual residues of the conserved DEDDh active site motif maintained the N7-MTase activity ( Table 1 ). In contrast, deletion of one amino acid (⌬A79) at the N terminus of the ExoN domain (aa 62 to 86), which harbors two critical residues (R84 and W86), abolished the N7-MTase activity of nsp14 (Table 1 ; Fig. 2A , lane 20; Fig. 2C; Fig. 3A, lane 3) . Based on these observations, it is tempting to speculate that the conserved residues such as R84 and W86 at the N terminus of the ExoN domain may be directly involved in the enzymatic function of N7-MTase. W86 was shown to be essential for SAM binding of nsp14 ( Fig. 3 ), but it is not known whether it has a direct contact with the SAM molecule. The basic residue R84 could plausibly play a crucial role in binding substrate RNA needed for both N7-MTase and ExoN activities. Such hypothesis is supported by our recent finding that the W86A mutation did not influence the ExoN activity, while the R84A mutation dramatically reduced the ExoN activity (data not shown).
Ten of the 12 critical residues identified are distributed throughout the core domain of N7-MTase, but unexpectedly, no critical residues were found in the C-terminal part of the N7-MTase domain (aa 439 to 527). Truncation analysis revealed that removal of 6 aa from the C terminus already severely attenuated the enzymatic activity of nsp14 N7-MTase. It is important to mention that the C-terminal 5 residues represent the conserved P5 to P1 residues of the cleavage site of coronaviral 3C-like proteinase (3CLpro) and are essential for the proteolysis of 3CLpro between nsp14-nsp15 and viral viability (42) . Taking these findings together, this suggests that the C-terminal part of the N7-MTase domain not only contains the conserved cleavage site of 3CLpro but also might contribute to fold formation and substrate RNA binding. This is consistent with the case for other SAM-dependent MTases, in which the C-terminal part varies tremendously in sequence and structure and forms the site for binding different substrates (22, 23) . The cap N7-MTase belongs to a large family of SAM-dependent MTases, which share little sequence identity but incorporate a highly conserved Rossmann-like structural fold in the MTase domain (22, 23) . The Rossmann-like fold consists of alternating ␤-stranded and ␣-helical regions, with 7 strands (␤1 to -7) forming a central relatively planar ␤-sheet and a varying number of helices filling two layers, one on each side of the plane. The order of the strands is generally 3, 2, 1, 4, 5, 7, 6, with strand 7 antiparallel to the other strands (22, 23) . The modeled structure of the SARS-CoV nsp14 MTase domain shows an MTase fold similar to that of other MTases (Fig. 4A) . However, the MTase domain of nsp14 alone is enzymatically inactive, as discussed above.
The sequence alignment of various SAM-dependent MTases based on structural superimposition shows that the only residues that are highly conserved in the SAM-binding region of the core fold are the glycine-rich sequence E/DxGxGxG (often referred to as motif I) between ␤1 and ␣A, which interacts with the amino acid portion of SAM, and an acidic loop between ␤2 and ␣B (mo- All amino acids are mutated to alanine except H268L, C414R, and G416R. Results of five different assays are shown: yeast growth, the assays in yeast complementation system; MTase activity, in vitro biochemical assays; SAM binding, in vitro binding assay; ts phenotype, temperature-sensitive tests in yeast system (the asterisk indicates the ts phenotype identified in virus replication); and ExoN activity, in vitro exonuclease assay. The values corresponding to ϩϩϩ, ϩϩ, ϩ, and Ϫ represent Ͼ60%, Ͼ20%, Ͻ20%, and Ͻ 5% of the activity of the wild type (or wild-type growth), except for the ts phenotype, in which ϩ and Ϫ indicate the ts phenotype and lethality observed in yeast cells. tif II), which interacts with the ribose hydroxyls (22) . At the corresponding position of coronavirus N7-MTase, the conserved sequence motif I could be recognized as DxGxPxG/A (aa 331 to 337), which lies between the putative ␤1 and ␣A, and motif II could be recognized as D352, located at the end of ␤2 (Fig. 5 ). However, in this study, only two residues (D331 and G333) in the motif were demonstrated to be essential to SAM-binding and N7-MTase activities. The residue R310, which is in the loop between the ExoN domain and the first alpha helix (␣Z) of the N7-MTase domain, was also critical for SAM binding. Based on the experimental data and the model structure ( Fig. 4) , R310, D331, G333, and D352 are most likely involved in direct binding with the SAM molecule. Moreover, alanine substitutions of 6 other residues (Y368A, C382Y, C414R, G416R, L419A, Y420A, and Y420H) affected the SAM-binding affinity and enzymatic activity. Y368 and C382 are predicted to reside in the ␣B helix and one loop, respectively, and residues C414, G416, L419, and Y420 in the ␣D helix of the MTase fold (Fig. 4D) . These residues may not be in direct contact with SAM but may play a structural role in stabilizing the SAM-binding pocket.
Critical roles have been previously described for some of the residues identified for nsp14 N7-MTase. In our previous study, we showed that mutation of the SAM-binding residue D331 severely impaired SARS-CoV genome replication (19) . Sperry and colleagues showed that the mutation of tyrosine to histidine at position 414 (Y414H) of MHV (corresponding to Y420 in SARS-CoV) attenuated the viral viability and virulence in mice but did not affect replication in cell culture (31) . In this study, we showed that the same mutations attenuated SAM binding of nsp14 and disrupted the N7-MTase activity ( Table 2) , which will affect the formation of cap-0 and further cap-1 structure of viral RNA (16, 17, 19) . Recently, it was reported that the cap-1 structure of viral RNA provides a molecular signature for the distinction of self and nonself mRNA, and the formation of the viral RNA cap structure may help the virus to evade host innate immunity (43, 44) . Altogether, these studies may suggest that the enzymatic activity of coronavirus N7-MTase may not be essential for viral replication in cells but may play a crucial role in viral infection and pathogenesis due to its contribution to viral RNA capping and methylation. In addition, MHV mutations C376Y and C408R (corresponding to SARS-CoV C382Y and C414R) led to a temperature-sensitive phenotype of the mutant viruses (30) . In the current study, we showed that such mutants grew well at low temperature (20°C and 25°C) but attenuated or abolished the viability of yeast cells at higher temperature (30°C and 37°C), which may destabilize the structure of the MTase fold and consequently attenuate the activity of N7-MTase. The temperature sensitivity of the yeast strains suggests that the MTase activity is directly responsible for the temperature sensitivity of the virus mutants. Therefore, these mutants will be useful tools in dissecting the significance of the enzymatic activity during virus infection. As N7-MTase plays important roles in coronavirus infection and pathogenesis, the structurefunction studies of N7-MTase will contribute to the development of antiviral drugs specifically targeting at the nsp14 enzymatic activities of coronaviruses, including SARS-CoV.
